Vesicular stomatitis virus (VSV) is a promising oncolytic agent against various malignancies. Here, for the first time, we tested VSV in vitro and in vivo in a clinically relevant, immunocompetent mouse model of pancreatic ductal adenocarcinoma (PDA). Our system allows the study of virotherapy against PDA in the context of overexpression (80% of PDA patients) or no expression of human mucin 1 (MUC1), a major marker for poor prognosis in patients. In vitro, we tested three VSV recombinants, wildtype VSV, VSV-green fluorescent protein (VSV-GFP), and a safe oncolytic VSV-⌬M51-GFP, against five mouse PDA cell lines that either expressed human MUC1 or were MUC1 null. All viruses demonstrated significant oncolytic abilities independent of MUC1 expression, although VSV-⌬M51-GFP was somewhat less effective in two PDA cell lines. In vivo administration of VSV-⌬M51-GFP resulted in significant reduction of tumor growth for tested mouse PDA xenografts (؉MUC1 or MUC1 null), and antitumor efficacy was further improved when the virus was combined with the chemotherapeutic drug gemcitabine. The antitumor effect was transient in all tested groups. The developed system can be used to study therapies involving various oncolytic viruses and chemotherapeutics, with the goal of inducing tumor-specific immunity while preventing premature virus clearance.
P
ancreatic cancer has the worst prognosis of all cancers and is estimated to be the fourth leading cause of cancer-related deaths in the United States (1) . About 95% of pancreatic cancers are pancreatic ductal adenocarcinomas (PDAs), which are known to be highly invasive, with aggressive local growth and rapid metastases (2) . To date, surgery remains the only potential cure for PDA. Other therapies, such as radiation therapy and chemotherapy, have shown little efficacy (3, 4) . Thus, the development of new treatment strategies against PDA is of utmost importance.
PDA is generally driven by activating mutations in the KRAS proto-oncogene and is characterized by deregulation of several genes, including mucins (5, 6) . In a tumor setting, the membranetethered glycoprotein mucin 1 (MUC1) becomes overexpressed and aberrantly glycosylated in more than 80% of human PDAs and in 100% of metastatic lesions (5) . MUC1 plays an important role in the development and progression of PDA and other cancers and is a major marker for poor prognosis (7) (8) (9) (10) (11) . Importantly, while the role of MUC1 in vesicular stomatitis virus (VSV) infection or oncolytic virus (OV) therapy has never been studied before, the O-linked carbohydrates of MUC1 purified from human breast milk can inhibit poxvirus (12) , HIV (13, 14) , and rotavirus (15) , and MUC1 expression can block adeno-associated virus attachment (16) .
OV therapy is an emerging therapeutic approach largely based on defects in the innate immunity of cancer cells or other abnormalities that increase cancer cell susceptibility to viral infection and virus-mediated death compared to healthy cells. VSV, a prototypic nonsegmented negative-strand RNA virus, has shown promising results against an array of cancers in preclinical studies (17) and is currently in a phase I clinical trial against hepatocellular carcinoma (trial NCT01628640). The undesirable natural neurotoxicity of wild-type (WT) VSV has been addressed by the generation of various VSV-based recombinants retaining their oncolytic activities but lacking neurotoxicity (17) . One such oncolytic recombinant, VSV-⌬M51-GFP, has a deletion of the methionine at amino acid position 51 of the VSV matrix (M) protein, as well as a green fluorescent protein (GFP) open reading frame (ORF) inserted in position 5 of the viral genome (18) . The ⌬M51 mutation improves VSV oncoselectivity by preventing WT M protein's ability to shut down cellular gene expression (19) (20) (21) . Therefore, VSV-⌬M51-GFP is unable to successfully replicate in healthy cells with intact type I interferon (IFN) responses. However, as many cancer cells are believed to have defective type I IFN signaling (22) , they remain susceptible to VSV-⌬M51-GFP infection.
Our recent study analyzed several VSV recombinants in an array of human PDA cell lines in vitro (23, 24) and in xenografts in athymic mice (24) . These studies demonstrated excellent abilities of VSV recombinants to infect and kill a majority of tested human PDAs and revealed that intact type I IFN signaling in some PDAs was responsible for their resistance to OV therapy (23) . However, tumors in immunocompetent animals generate additional challenges for viruses, including the potential elimination of viruses before complete tumor killing can occur. Here, VSV was evaluated for the first time in an immunocompetent mouse PDA model. This system is based on xenografts of murine PDA cells originating from mice with spontaneous KRAS G12D -driven PDAs (referred to as KC) either expressing human MUC1 (KCM cells) or MUC1 null (KCKO cells) (Fig. 1A ) and thus allows for study of OV therapy in the context of MUC1 overexpression or lack of expression. This system can also be used to study combinational therapies involving chemotherapeutics or other combinational therapies. Therefore, we also examined VSV-⌬M51-GFP in com-distilled water (dH 2 O) for 15 min. Cells were permeabilized with a solution containing 20 mM HEPES (pH 7.5), 300 mM sucrose, 50 mM NaCl, 3 mM MgCl 2 , and 0.5% Triton X-100 on ice for 15 min, washed with PBS, and then blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich) in PBS for 30 min, after which they were incubated with 1:100 HMFG2 antibody in 5% BSA at 4°C overnight. Cells were then incubated with secondary 1:100 anti-mouse-fluorescein isothiocyanate (FITC) antibody (catalog no. sc-2010; Santa Cruz Biotechnology, Inc.) in 5% BSA for 2 h at room temperature and then stained with 1 M Hoechst and 1 mg/ml wheat germ agglutinin (WGA). Cells were washed with PBS and used for confocal imaging.
Western blotting. Cellular lysates and Western blots were prepared as previously described (23) . For MUC1, polyvinylidene difluoride (PVDF) membranes were incubated with 1:2,000 Armenian hamster monoclonal anti-human MUC1 cytoplasmic tail (CT2) (27) , or 1:2,000 mouse HMFG2 monoclonal anti-human MUC1 (28) antibodies in Tris-buffered saline-Tween 20 (TBS-T) with 5% milk and 1% of 2% sodium azide. The HMFG2 antibody targets sparsely glycosylated variable-number tandem repeats (VNTR) within the human MUC1 extracellular domain. The CT2 antibody recognizes the last 17 amino acids (SSLSYNTPAVAATSANL) of the cytoplasmic tail (CT) of human MUC1 (29) . Neither antibody allows for efficient detection of murine Muc1; the presence of murine Muc1 could not be confirmed. In addition, the following primary antibodies were used in TBS-T with 5% BSA and 1% of 2% sodium azide: 1:5,000 rabbit polyclonal anti-VSV antibodies (raised against VSV virion proteins), 1:1,000 rabbit anti-MX1/2/3 (catalog no. sc-5059; Santa Cruz Biotechnology, Inc.), 1:3,000 mouse anti-GFP (catalog no. 600-301-215; Rockland). Also used were the following antibodies from Cell Signaling (1:1,000): anti-STAT1 (catalog no. 9172), Stat1-P (catalog no. 9171), and IRF3-P (catalog no. 4947). The following horseradish peroxidase (HRP)-conjugated secondary antibodies in TBS-T with 5% milk antibodies were used: 1:4,000 goat antibody against Armenian hamster (Santa Cruz Biotechnology, Inc.; catalog no. sc-2443), and 1:4,000 goat anti-mouse and 1:2,000 goat anti-rabbit (catalog no. 115-035-003 and 111-035-003, re- analysis using confocal microscopy, cells were analyzed using HMFG2 antibody to detect the extracellular domain of human MUC1 and FITC-conjugated secondary antibody. Hoechst dye was used to stain for the nucleus, and wheat germ agglutinin (WGA) was used to stain the plasma membrane. For Western blot analysis, total cell lysates were separated by SDS-PAGE and then analyzed by Western blotting with HMFG2 antibody or CT2 antibody to detect the transmembrane domain of human MUC1. Western blotting using ␤-actin antibody was used as a loading control.
spectively; Jackson-ImmunoResearch). The Amersham ECL Western Blotting Detection kit (catalog no. RPN2106; GE Healthcare) was used for detection. Membranes were reprobed with mouse anti-actin antibody (clone C4) to verify sample loading (30) .
Viruses. Recombinant wild-type VSV (VSV-rWT, Indiana serotype) (31) and VSV-⌬M51-GFP (18) were kindly provided by Jack Rose (Yale University), and VSV-GFP (32) was kindly provided by Asit Pattnaik (University of Nebraska). VSV stocks were prepared using BHK-21 cells infected at a multiplicity of infection (MOI) of 0.005 CIU (cell infectious units) and incubated at 37°C in MEM-based medium containing 5% FBS. Virus-containing medium was collected at 24 h postinfection (p.i.) and centrifuged at 3,000 ϫ g for 10 min at room temperature to remove large cellular debris. Virus was purified by the method of Kalvodova et al. (33) , with slight modifications. In brief, clarified supernatants were underlaid with 5 ml 20% (wt/vol) sucrose in HEN buffer (10 mM HEPES [pH 7.4], 1 mM EDTA, 100 mM NaCl) and centrifuged at 28,000 rpm for 3.5 h at 4°C in a Beckman SW32 Ti rotor. The resulting viral pellet was resuspended in HEPES buffered saline (HBS) (pH 7.5) (21 mM HEPES, 140 mM NaCl, 45 mM KCl, 0.75 mM Na 2 HPO 4 , 0.1% [wt/vol] dextrose) at 4°C overnight and then centrifuged in a 7.5 to 27.5% continuous gradient of Optiprep (Axis Shield) in HBS at 26.5 ϫ 10 3 rpm for 30 min at 4°C using a Beckman SW40 Ti rotor. The virus-containing band was collected from the gradient, diluted with ET buffer (1 mM Tris-HCl, pH 7.5, 1 mM EDTA), pelleted by centrifugation at 27,000 rpm for 1.5 h at 4°C using a Beckman SW40 Ti rotor, and then resuspended in PBS.
Cell viability assay. Cells (in triplicate) were seeded in 96-well plates so that they reached approximately 80% confluence at 24 h and then were infected with VSV at an MOI of 0.001, 0.1, or 10 CIU/cell (based on titration on KCKO cells) or mock infected in growth medium without FBS. Virus-containing medium was aspirated 1 h p.i. and replaced with growth medium containing 5% FBS. Type I interferon sensitivity. Cells were seeded in 24-well plates so that they reached approximately 80% confluence at 24 h. Cells were mock treated or treated with 5,000, 15,000, or 30,000 U/ml human alpha interferon (IFN-␣) (catalog no. 407294; Calbiochem) in growth medium containing 5% FBS. Twenty-four hours posttreatment, the cells were infected with serial dilutions of VSV-⌬M51-GFP, and infectious foci were counted at 12 h p.i. by fluorescence microscopy. Treatments and infections were performed in duplicate.
Plaque reduction neutralization test. BHK-21 cells were seeded in 96-well plates to reach confluence in 24 h. Mouse serum was first diluted 1:20 to 1:40,960 for analysis. VSV-⌬M51-GFP stock diluted 1:32,000 (a dilution determined to produce approximately 50 infectious foci per well) was incubated with the serum dilutions for 1 h at 37°C. Serum/virus dilutions were then used to infect cells for 1 h at 37°C, with rocking every 10 min. Serum/virus dilutions were removed and the cells overlaid with growth media with 5% FBS and 1% Bacto agar. Infectious foci were counted by fluorescence microscopy at 16 h p.i. Antibody dilution titers were calculated as the inverse of the serum dilution resulting in one-half of the number of foci obtained with VSV-⌬M51-GFP alone. All serum samples were tested in triplicate.
Detecting antibodies generated against KCM cells. KCM cells were seeded in 96-well plates to reach confluence in 24 h. Cells were fixed and permeabilized as described above. Cells were blocked with 5% BSA in PBS for 20 min at room temperature and then incubated with mouse serum dilutions as prepared for the plaque reduction neutralization assay, but without incubating with virus, overnight at 4°C. Cells were washed with PBS and then incubated with peroxidase-conjugated goat anti-mouse IgG antibodies (1:300; Jackson ImmunoResearch) for 1 h. For detection, cells were washed with PBS and then incubated with o-phenylenediamine (OPD; Thermo Scientific) for 15 min. OPD was inactivated by addition of 2.5 M sulfuric acid. Optical density was read at 490 nm. All serum samples were tested in triplicate.
MUC1.Tg mice. Mice were handled and maintained under veterinary supervision in accordance with the University of North Carolina at Charlotte Institutional Animal Care and Use Committee (IACUC) approved protocol. All experiments were conducted using MUC1.Tg mice (Fig. 1A) . Previously generated and characterized MUC1.Tg mice (inbred CS7BI/6 background) express human MUC1 under its own promoter and in a tissue-specific manner, and these mice exhibit T and B cell tolerance when immunized with human MUC1 antigen, making it a relevant model to study (34) . For genotypic confirmation, DNA from MUC1.Tg mice was isolated from tail clippings when mice were 11 to 17 days old and analyzed by PCR. Primers used for identification of MUC1-positive MUC1.Tg mice were 5=-CTTGCCAGCCATAGCACCAAG-3= and 5=-CTCCACGT CGTGGACATTGATG-3=. Genotype was confirmed by the presence of a 340-bp amplification product seen on 1% agarose gels (35) .
In vivo treatment of tumors with VSV-⌬M51-GFP. All cell lines used in animal experiments were negative for an extended panel of pathogens as tested by Charles River Laboratories. For the short-term in vivo efficacy study, 16-to 18-week-old male MUC1.Tg mice (n ϭ 29) were injected in the right flank with 1 ϫ 10 6 KCM in 100 l of PBS. Mice were palpated for tumor formation starting on day 5 post-tumor injection (p.t.i.) and then randomly divided into 5 groups: PBS, VSV-⌬M51-GFP, UV-killed VSV-⌬M51-GFP, VSV-⌬M51-GFP ϩ gemcitabine, and gemcitabine alone (n ϭ 6 per group, n ϭ 5 for UV-killed VSV-⌬M51-GFP). At 5 days p.t.i., mice were treated once with a single intraperitoneal (i.p.) injection of either 50 l PBS or gemcitabine (50 mg/kg of body weight) dissolved in 50 l PBS. On days 7, 9, and 11 p.t.i., the PBS and gemcitabine groups received intratumoral (i.t.) administration of either 50 l PBS or 1 ϫ 10 8 CIU in 50 l PBS (based on BHK-21 titer) of infectious VSV-⌬M51-GFP or UV-killed VSV-⌬M51-GFP. The same amounts of particles for infectious VSV-⌬M51-GFP or UV-killed VSV-⌬M51-GFP were used (based on virus titration prior to UV-mediated inactivation of the killed virus). Tumor size was monitored by caliper measurements every day until day 12 and every other day afterward. Body weight was measured once weekly. Tumor volume was calculated according to the following formula: volume in mm 3 ϭ [length in cm ϫ (width in cm) 2 ]/2. Mice were sacrificed 18 days p.t.i., at which time the animals showed no clinical signs indicating severe morbidity. To conduct a survival study using VSV-⌬M51-GFP against KCKO and KCM tumors, 8-to 11-week-old MUC1.Tg male mice were subcutaneously injected in the flank with either 1 ϫ 10 6 KCM or KCKO cell lines in 100 l of PBS (n ϭ 8 each). Mice were palpated for tumor formation starting at 5 days p.t.i. and then were randomly divided into 2 groups per cell line (n ϭ 4 per group). One group per cell line served as a control and received i.t. administration of 50 l PBS on days 8, 10, and 12 p.t.i. The other group received i.t. administration of VSV-⌬M51-GFP on days 8, 10, and 12 p.t.i. with an initial dose of 7.2 ϫ 10 7 CIU in 50 l PBS (based on BHK-21 titer) followed by two doses of 4.3 ϫ 10 7 CIU in 50 l PBS. Tumor size was monitored by caliper measurements every other day, and body weight was measured once weekly. Tumor volume was calculated according to the following formula: volume in mm 3 ϭ [length in cm ϫ (width in cm) 2 ]/2. Mice were sacrificed when the length or width of the tumor reached 1.5 cm, the tumors became ulcerated, or the mice presented with clinical signs indicating severe morbidity. Data were analyzed using GraphPad software and are expressed as means Ϯ standard errors of the means (SEM). Comparison of groups was done by two-way analysis of variance (ANOVA) only when the groups had the same number of animals (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
Analysis of tumor samples. Tumors were isolated at sacrifice and sectioned for analysis. One section was used to make tissue homogenate to check for the presence of viral RNA or infectious virus. Homogenized tumor sections were prepared in DMEM using a tissue homogenizer and then centrifuged at 13,000 rpm for 10 min at 4°C to remove large cellular debris. RNA was extracted from the supernatant using the Quick-RNA MiniPrep Kit (Zymo Research). RNA was reverse transcribed using random hexamers and SmartScribe reverse transcriptase (Clontech). The resulting cDNA was PCR amplified using the primers VG31, 5=-CCCAAT CCATTCATCATGAGTTCC-3=, and VG32, 5=-CACTTCATAGTGACG CGTAAACAG-3=, which bind part of the intergenic region on either side of the VSV M gene. PCR was conducted for 35 or 40 cycles with an annealing temperature of 55°C. PCR products were electrophoresed on a 2% agarose gel stained with ethidium bromide and visualized using a GelDoc-It imager (UVP Imaging, Upland, CA). A second tumor section was used to make tissue lysates for Western blot analysis. Western blot detection was performed with tumor lysates, using 1:5,000 rabbit polyclonal anti-VSV antibodies (raised against VSV virions), 1:1,000 anti-VSV N antibodies, or 1:1,000 anti-VSV G antibodies. A third tumor section was formalin fixed and paraffin embedded and analyzed by hematoxylin and eosin (H&E) staining and by immunohistochemistry (IHC). IHC was performed to look for the presence of VSV N and G proteins (antibody dilution, 1:50).
Statistical analysis software. All statistical analyses were performed using GraphPad Prism, version 5.0c for Mac OS X (GraphPad Software, San Diego, CA).
RESULTS

Susceptibility of murine PDA cells to VSV.
The immunocompetent model of PDA described in this study can be used with various mouse PDA cell lines either expressing human MUC1 or MUC1 null. VSV has never been tested (in vitro or in vivo) against any mouse PDA cells before. Our previous study with human PDA cells in athymic nude mice showed very good correlation between the oncolytic efficacy of VSV-⌬M51-GFP in vitro and in vivo (24) . Therefore, we wanted to test first in vitro if VSV can infect and kill such PDA cell lines and whether oncolytic efficacy of VSV would be negatively affected by MUC1 overexpression in PDA cells. The first set of cell lines, KC, KCKO, and KCM (Fig. 1A) , originate from spontaneous PDAs expressing or lacking the human (MUC1) and/or mouse (Muc1) mucin 1 gene (35, 36) . KC cells express murine Muc1 while KCM cells express both murine Muc1 and human MUC1, and KCKO cells lack mucin 1 expression from either species. MUC1 expression in KC, KCKO, and KCM cells may not be the only difference between these cell lines, as an accumulation of additional mutations is likely during spontaneous PDA formation. Therefore, in addition to these cell lines, we also tested two isogenic cell lines, Panc02-Neo and Panc02-MUC1, which should differ only in their human MUC1 expression profile and were previously characterized in detail (26, 37) . The MUC1 expression phenotypes of these five cell lines were confirmed by Western blotting and immunofluorescence (Fig. 1B) as well as flow cytometry (data not shown).
The major focus of our study was the recombinant VSV-⌬M51-GFP retaining its oncolytic abilities without the neurotoxicity associated with WT-like VSV (38, 39) . In addition, the insertion of a GFP gene at position 5 of the VSV-⌬M51-GFP genome allows for monitoring of virus replication and spread based on VSV-driven GFP expression (18) . To examine if the ⌬M51 or GFP insertion would have any effect on the oncolytic abilities of VSV-⌬M51-GFP, our initial in vitro experiments included the VSV-GFP recombinant (similar to VSV-⌬M51-GFP but encoding WT M) and VSV-rWT (lacking either modification) for comparison. To analyze the ability of viruses to infect and kill the described mouse PDA cell lines in vitro, the cells were mock infected or infected at increasing MOIs: 0.001, 0.1, or 10 CIU/cell (MOI values were calculated based on the titration of viruses on KCKO cells, so the same amounts of infectious particles were added to each cell line). Virus replication was monitored by GFP fluorescence readings (for VSV-⌬M51-GFP and VSV-GFP) taken approximately every 12 h. Cell viability was determined using an MTT assay performed at 120 h p.i. As shown in Fig. 2 , both VSV- rWT and VSV-GFP killed all cells by 120 h p.i. VSV-GFP behaved similarly to VSV-rWT, which is in agreement with previous reports indicating that insertion of the GFP gene into VSV-rWT produced a virus with similar oncolytic ability (40) (41) (42) .
Both GFP expression and cell viability assay indicated that VSV-⌬M51-GFP was less effective in KCM and Panc02-MUC1 at an MOI of 0.001 and in Panc02-Neo at all tested MOIs (especially at MOIs of 0.001 and 1). This result could be explained by differences in the infectivity of this virus on these mouse PDA cell lines. To test it, the titer of VSV-⌬M51-GFP stock was determined on all five cell lines, and the oncolytic abilities of VSV-⌬M51-GFP correlated with its abilities to initiate infection in the tested cell lines (Fig. 3A) . We hypothesized that if murine PDA cells differ only in their initial susceptibility to infection, then virus replication would be different after the lower-MOI infection but similar when all cells are infected at a higher MOI. To test this hypothesis, multistep (MOI of 0.001 CIU/cell) and onestep (MOI of 5 CIU/cell) growth kinetics of virus replication were examined (Fig. 3B) . As predicted, VSV-⌬M51-GFP was somewhat attenuated in KCM, Panc02-MUC1, and Panc02-Neo when cells were infected at the cell type-specific MOI of 0.001, but it replicated very similarly in all tested cell lines when they were infected at the cell type-specific MOI of 5 (Fig. 3B) .
Type I IFN signaling in mouse PDA cell lines. The observed attenuation of VSV-⌬M51-GFP (but not VSV-GFP) in KCM, Panc02-MUC1, and Panc02-Neo (at least at some tested MOIs) suggested that the M51 deletion in the M protein, rather than GFP insertion, was responsible for this attenuation. Because WT M protein prevents a robust innate antiviral response (the M51 deletion in M allows for nuclear export and translation of cellular mRNA), we hypothesized that intact (or residual) type I IFN signaling may play a role in the reduced susceptibility of KCM, Panc02-MUC1, and Panc02-Neo to VSV-⌬M51-GFP. This information is very important in predicting VSV success in vivo, as our recent analysis of a panel of human PDA cell lines showed that responsiveness to IFN-␣ treatment and the expression of the IFNstimulated gene (ISG) MxA could be predictive of resistance to VSV-⌬M51-GFP in vitro as well as in vivo (23, 24) . To test this hypothesis, all mouse PDA cell lines were tested for their IFN responsiveness. Cells were mock treated or treated with three different concentrations of human IFN-␣ and analyzed for virus infectivity after the treatment. As controls, we used IFN-␣-responsive BHK-21 and nonresponsive 4T1 cells. Unlike BHK-21 cells (which showed a 1,000-fold decrease in VSV-⌬M51-GFP infectivity following IFN treatment), none of the tested mouse PDA cell lines mounted robust antiviral responses following IFN-␣ treatment (Fig. 4A) . In addition, all cells were infected with VSV-⌬M51-GFP and cell lysates were collected at 4, 12, and 24 h p.i. Analysis of cell lysates indicated that the expression levels of Mx1, the murine version of human MxA, were similar for all cell lines and did not increase upon infection (Fig. 4B) . However, while all the cell lines were able to sense virus infection (as determined by phosphorylation of IRF3), phosphorylation of STAT1 was observed at 12 and 24 h p.i. in Panc02-MUC1 and Panc02-Neo only. Together, our results indicate that while none of the tested mouse PDA cell lines have a robust type I IFN response, Panc02-MUC1 and Panc02-Neo demonstrated a limited antiviral response, which may explain their reduced susceptibility to VSV-⌬M51-GFP. A possible mechanism of VSV-⌬M51-GFP attenuation in KCM cells will be discussed below.
Efficacy of VSV-⌬M51-GFP in vivo in immunocompetent Muc1.Tg mice. Based on previous studies that demonstrated unacceptable neurotoxicity of VSV-rWT and VSV-GFP, we decided to conduct our in vivo experiments with VSV-⌬M51-GFP (43) (44) (45) . We focused our initial experiment on mice bearing KCM tumors, given that MUC1-expressing tumors are more clinically relevant and more challenging. Previous comparative studies of KCM and KCKO cell lines in vitro and in vivo demonstrated that KCM cells display a much more aggressive phenotype, evidenced by an increase in invasiveness of KCM cells, an increase in proliferation, and deregulation of the mitogen-activated protein kinase (MAPK) pathway (7) . The efficacy of VSV-⌬M51-GFP was compared to that of gemcitabine, the most common chemotherapeutic used against pancreatic cancer (46) . In addition, the efficacy of OV therapy alone was also compared to combinational therapy ("chemovirotherapy") using both VSV-⌬M51-GFP and gemcitabine.
Subcutaneous injections of KCM cells were used to establish tumors in the flank of MUC1.Tg mice, which express human MUC1 under its own promoter and in a tissue-specific manner (34, 47) . The MUC1.Tg mice exhibit T and B cell tolerance when immunized with human MUC1 antigen, making it a relevant model to study (34) .
On day 5, when tumors were palpable, mice were treated i.p. with a single dose of gemcitabine (50 mg/kg in PBS) or PBS control. Depending on the group, tumors were injected i.t. with VSV-⌬M51-GFP, UV-killed VSV-⌬M51-GFP, or PBS on days 7, 9, and 11 ( Fig. 5A) . UV-killed virus was used as a control to determine whether viral replication was required for antitumor effects of VSV-⌬M51-GFP and if the presence of viral components alone without virus replication would affect tumor progression. Mice were monitored for signs of distress, and tumor size was measured daily for the first 8 days and then every other day afterward. Mice were sacrificed 18 days p.t.i., at which time the animals showed no clinical signs that would indicate severe morbidity. KCM tumors injected with PBS as a control continued to grow at a steady rate. In agreement with previously published data demonstrating resistance of KCM tumors to gemcitabine, tumor growth with gemcitabine alone was comparable to that observed with PBS treatment (48) . Treatment with VSV-⌬M51-GFP alone and VSV-⌬M51-GFP plus gemcitabine showed a statistically significant reduction in tumor burden beginning on day 12 compared to PBS treatment (Fig. 5A ). This significance was maintained until day 18, at which point the mice were sacrificed. The greatest therapeutic effect was seen in the combinational therapy of VSV-⌬M51-GFP plus gemcitabine, which showed a significant reduction in tumor burden compared to the use of virus alone at day 18 (Fig. 5A) . Surprisingly, KCM tumors injected with UV-killed virus grew larger than the PBS control, with a significantly increased tumor burden on days 16 and 18. It is unclear why UV-killed virus would result in enhanced tumor growth, and we are planning to address this question in future studies.
Reduced tumor sizes in the groups containing infectious (but not inactivated) VSV-⌬M51-GFP could be attributed to continued virus infection, replication, and oncolytic action. Therefore, we hypothesized that if the virus was still replicating at the end- (A) MUC1.Tg male mice, 16 to 18 weeks old, were subcutaneously (s.q.) injected with KCM cells in the right flank (n ϭ 30). Tumors were established by day 5, and the mice were randomly divided into 5 groups (n ϭ 6 per group). On day 5, mice were administered one dose of gemcitabine or PBS i.p. On day 7, treatments began with groups being administered 10 8 CIU VSV-⌬M51-GFP, UV-killed VSV-⌬M51-GFP, or PBS three times, on days 7, 9, and 11. Tumor size was monitored by caliper measurements, and tumor weight was calculated according to the standard ellipsoid formula: weight in grams ϭ (length in cm ϫ width 2 )/2. Mice were sacrificed at day 18 p.t.i. Bonferroni post hoc tests compared all groups to PBS and VSV-⌬M51-GFP to VSV-⌬M51-GFP ϩ gemcitabine (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ##, P Ͻ 0.01). (B) At the endpoint (as indicated in panel A), tumor sections from each group were homogenized, and RNA was extracted from the supernatant. RNA was reverse transcribed, and the resulting cDNA was PCR amplified using the primers that bind part of the intergenic region on either side of the VSV M gene. PCR was conducted for 35 or 40 cycles, and samples were electrophoresed on a 2% agarose gel stained with ethidium bromide. point within the tumor, then VSV infectious particles, proteins, or RNA could be detectable. Tumor lysates were analyzed for the presence of infectious VSV-⌬M51-GFP particles (using plaque assay on BHK-21 cells) and VSV RNA via RNA isolation, cDNA synthesis, and PCR using VSV RNA-specific primers. In addition, a section of each tumor was sliced and histologically stained for the presence of VSV proteins using antibodies against VSV G and N proteins. In addition, another tumor section was used to isolate total protein that was analyzed by Western blotting for antibodies against different VSV proteins or GFP. Interestingly, despite the differences in the tumor volumes in treatment groups, we were unable to detect VSV infectious particles by plaque assay or VSV proteins by either IHC or Western blotting (data not shown). Only when total RNA from tumor lysates was analyzed by reverse transcription (RT)-PCR (35 or 40 cycles of PCR), 2 of the 6 VSV-⌬M51-GFP-treated mice and 4 of the 6 VSV-⌬M51-GFP-plus gemcitabine-treated mice showed evidence of viral material in the tumors (Fig. 5B) . No viral RNA was detected in UV-killed VSV-⌬M51-GFP-treated mice, suggesting that in the tumors treated with infectious virus, VSV replication took place at least at some point during treatment. Importantly, the products of RT-PCR, as shown in Fig. 5B , were sequenced, and all viral products retained the M51 deletion (data not shown).
While live VSV-⌬M51-GFP significantly reduced the KCM tumor burden up to 18 days following subcutaneous injections of cancer cells, OV therapy (alone or in combination with gemcitabine) did not abolish tumor growth (Fig. 5A) . Therefore, we conducted a survival study to determine whether VSV-⌬M51-GFP treatment could result in a sustained antitumor effect (Fig.  6) . In this experiment, in addition to the more aggressive KCMbased model (MUC1 overexpression), we included KCKO-based tumors (MUC1 null). First, subcutaneous injections of KCM or KCKO cells were used to establish tumors in the flanks of MUC1.Tg mice. When tumors were palpable, mice were treated i.t. with PBS as a control or with VSV-⌬M51-GFP every other day for three treatments (days 8, 10, and 12) (Fig. 6 ). Mice were monitored for signs of distress, and tumor size was measured every other day. Mice were sacrificed when tumor length reached 1.5 cm, tumors became ulcerated, or animals presented clinical signs indicative of morbidity. The results confirm that KCM is a more aggressive form of PDA, with tumor growth greatly exceeding that of KCKO. VSV-⌬M51-GFP treatment of both cell lines temporarily delayed tumor growth compared to the control mice (Fig. 6) . For KCM, all control mice were sacrificed by day 20, with all animals being sacrificed by day 26. For KCKO, there was a significant decrease in tumor burden starting at day 12, which lasted through day 32, when significance could no longer be determined due to the need to sacrifice the control animals needed for comparison. However, by day 34 control tumors and those treated with VSV-⌬M51-GFP reached similar sizes. Regardless of treatment, most KCKO tumors never grew as large as the KCM tumors. This observation is in agreement with previous studies in which mice bearing KCKO tumors present a less-challenging, more-stable form of PDA disease as the cells grow at a lower rate than the more aggressive KCM cells (7) .
Humoral immune response in immunocompetent MUC1.Tg mice at the endpoint. While our in vitro and short-term in vivo results show promising oncolytic abilities of VSV-⌬M51-GFP against both KCM and KCKO cells, there is a clear indication that this treatment is not having a long-term, sustained anticancer effect. The design of our experiment did not allow us to look at early time points to assess intratumoral virus replication, oncolysis, and innate immune resources against VSV. However, premature inactivation of virus by the humoral immune response in an immunocompetent subject could negatively affect the efficacy of OV therapy. To determine the production of neutralizing antibodies against VSV-⌬M51-GFP, serum samples were examined from the KCM experiments in which all mice were sacrificed 18 days following KCM cell injection (Fig. 5A) . Serial dilutions of mouse sera were first incubated with a known amount of VSV-⌬M51-GFP. The serum/VSV incubation was then used to infect BHK-21 cells for plaque assay analysis. In the VSV-⌬M51-GFP alone and VSV-⌬M51-GFP plus gemcitabine groups, it is evident that a strong humoral immune response was mounted against the virus Tumors were established by day 8, and then mice were randomly divided into 2 groups (n ϭ 4 per group) per cell line. Mice were administered PBS or VSV-⌬M51-GFP i.t. on days 8, 10, and 12. Tumor size was monitored by caliper measurements, and tumor weight was calculated according to the standard ellipsoid formula: grams ϭ (length in cm ϫ width 2 )/2. Mice were sacrificed when the length of the tumor reached 1.5 cm, tumors became ulcerated, or mice presented clinical signs indicating morbidity. Comparison of groups was done using a 2-way ANOVA only at the time points at which the groups had the same population (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
( Fig. 7A) . Importantly, much lower antibody levels were detected in sera from mice treated with UV-killed VSV-⌬M51-GFP, indicating that active virus replication was necessary for a robust humoral response.
The absence of a sustained antitumor response suggests that no effective humoral immune responses were mounted against the tumors following OV treatment. To test whether VSV-⌬M51-GFP treatment induced humoral responses against KCM tumors, mouse sera were analyzed for antibodies directed against KCM cells (Fig. 7B) . KCM cells were fixed and permeabilized and then incubated with serial dilution of mouse sera from treated animals to detect KCM-specific antibodies. Results indicate that there was no significant difference in humoral response against KCM cells in any of the treatments compared to sera from mice that were never injected with KCM (Fig. 7B) .
DISCUSSION
In the present study, for the first time, we tested VSV against mouse PDA cells in vitro and in vivo and in a clinically relevant, immunocompetent mouse model of PDA. VSV has never been tested in any immunocompetent model of pancreatic cancer. We have utilized a system that allows the study of oncolytic viruses (VSV or other OVs) in the context of MUC1 overexpression, as seen in approximately 80% of PDA patients, or no expression (49, 50) . Our data show that VSV can infect and kill all tested mouse PDA cell lines in vitro and cause transient reduction of KCM and KCKO tumors in vivo.
Our study was focused on five mouse PDA cell lines overexpressing MUC1 or MUC1 null, which could all be used in this immunocompetent model of PDA. Although our main focus was on the performance of VSV in vivo, OV therapy success is generally dependent on the abilities of the virus to infect and kill cells, and our previous study with human PDA cells in athymic nude mice showed very good correlation between the oncolytic efficacy of VSV-⌬M51-GFP in vitro and in vivo (24) . Therefore, in addition to in vivo experiments, we conducted a series of in vitro experiments to determine the abilities of VSV to infect, replicate, and kill these five mouse PDA cell lines, as well as to examine cellular characteristics of these cell lines important for their susceptibility to OV therapy.
We were particularly interested in determining the ability of VSV to kill cancer cells overexpressing MUC1. MUC1 is overexpressed and aberrantly glycosylated in more than 80% of human PDAs and in 100% of metastatic lesions (5). It not only plays an important role in development and progression of PDA and other cancers but also is a major marker of poor prognosis, and its expression often confers resistance of cancer cells to chemotherapeutics (7, 8, 11) . In general, our data suggest that VSV is tolerant to the expression of MUC1, at least in the tested PDA cell lines. The tolerance of VSV to MUC1 is a significant result. Although the role of MUC1 in oncolytic therapy has never been studied before, the O-linked carbohydrates of MUC1 purified from human breast milk can inhibit poxvirus (12) , HIV (13, 14) , and rotavirus (15) , and MUC1 expression can block adeno-associated virus attachment (16) . Although VSV-⌬M51-GFP was slightly less infectious in MUC1-expressing KCM cells than in MUC1-null KCKO cells, the opposite could be seen in Panc02-based cell lines ( Fig. 2 and  3) . Moreover, as VSV-rWT and VSV-GFP were not attenuated at all in KCM or Panc02-MUC1, our data suggest that VSV can successfully infect PDA cells regardless of their MUC1 expression status.
We observed some variations in the susceptibility of different cell lines specifically to VSV-⌬M51-GFP (but not VSV-rWT or VSV-GFP) infection and virus-induced oncolysis. Specifically, VSV-⌬M51-GFP had reduced oncolytic ability in KCM, Panc02-MUC1, and Panc02Neo. The M51 deletion improves VSV oncoselectivity by preventing WT M protein's ability to shut down cellular gene expression (19) (20) (21) . Therefore, VSV-⌬M51-GFP is At present, we cannot determine a mechanism for the somewhat low in vitro susceptibility of KCM cells to VSV-⌬M51-GFP compared to that of KCKO cells. However, it should be noted that MUC1 expression in KC, KCKO, and KCM might not be the only difference between these cell lines, as an accumulation of additional mutations is likely during spontaneous PDA formation. Some of these mutations could confer resistance of KCM cells to VSV-⌬M51-GFP (but not VSV-rWT or VSV-GFP) independently of MUC1 or type I IFN signaling.
We focused on KCM cells for our in vivo experiments because xenografts of KCM lead to more aggressive tumors than KCKO or KC and because most human PDA patients exhibit MUC1 overexpression (5) . Our in vivo data demonstrated that VSV-⌬M51-GFP significantly reduced the tumor burden in mice with subcutaneous KCM xenografts after 18 days. However, this effect was not sustained when mice were monitored for survival. Furthermore, a similar result was shown even for KCKO-derived tumors, which exhibit much slower tumor growth than do KCM-derived tumors (7) .
Our previous in vivo study with human PDA cells in athymic nude mice showed that cell lines that were susceptible to VSV-⌬M51-GFP-mediated oncolysis in vitro also showed a sustained antitumor response in vivo (24) . Similarly, many other immunocompromised models using cell lines susceptible to VSV in vitro demonstrated a sustained oncolytic effect in vivo, including subcutaneous G62 glioblastoma tumors (51), SMT-91-01 rhabdoid tumors (52) , and KU-7 orthotopic bladder tumors (53) . Here, however, VSV-⌬M51-GFP demonstrated very good oncolytic activities against KCM and especially KCKO cells in vitro, but no long-term, sustained anticancer effect in vivo. The major difference between these studies is possible premature clearance of virus by the adaptive immune response in immunocompetent mice that could negatively affect the efficacy of OV therapy. Mice treated with "live" replicative virus (but not UV-killed virus) developed a robust antibody response directed at VSV-⌬M51-GFP. Previous studies also showed an immune response to VSV with an M mutation (VSV-rM51R-M), with antibody titers being comparable to those seen against WT VSV (38) . In the context of oncolytic therapy, one study showed a transient reduction of multiple myeloma and a significant antibody response generated against virus (54) . Additionally, transient reduction of melanoma tumor burden and robust antibody response against VSV was seen even in a model where VSV was capable of only a single-cycle replication (55) .
In addition to a humoral response to VSV (which peaks a week after infection), a negative role for innate immune responses to VSV has been demonstrated, with neutrophils (peak response at 36 h p.i.) (43) and natural killer (NK) cells (peak response, 3 to 4 days p.i.) (56) responsible for early-stage virus clearance (42, (56) (57) (58) . A limitation of our study is that our experimental design did not allow for analysis of early time points, so we cannot rule out that these innate immune responses contributed to a limited efficacy of VSV-⌬M51-GFP in vivo.
Several approaches to inhibit host responses to VSV have been reported. Neutrophil and NK cell depletion as well as inhibitors of NK cell-activating chemokines greatly increased VSV spread and animal survival (42, 57, 58) . Cell-based delivery seeks to use infected "Trojan horse" carrier cells, i.e., T cells that home to the tumor and deliver VSV without initial immune detection (59, 60) . Additional methods to hide virus employ DNA aptamer technology (61) or pegylation of VSV (62) to shield the virus from neutralizing antibodies. Even more, a putative cotherapeutic like cyclophosphamide (CPA) was shown to suppress an immune response to virus (63) , but one oncolytic study with mesothelioma showed reduced therapeutic efficacy of the VSV and CPA cotherapy (64) .
In addition to premature immune clearance of virus, limited penetration and spread within the tumor mass were noted in several previous studies using VSV and other OVs, and this may also contribute to the limited antitumor effect of VSV in this study. While we did not conduct a time course analysis of VSV infection within tumors in mice, we were unable to detect VSV infectious particles or VSV proteins at the endpoint. Only when total RNA from tumor lysates was analyzed by RT-PCR was viral RNA detected in 2 of the 6 VSV-⌬M51-GFP-treated mice and 4 of the 6 VSV-⌬M51-GFP plus gemcitabine-treated mice (no viral RNA was detected in UV-killed VSV-⌬M51-GFP-treated mice). These results suggest possible limited replication and spread of the virus within tumor (in addition to immune clearance of VSV). Future studies will focus on the analysis of VSV replication following various VSV-⌬M51-GFP doses and administration protocols to determine the contributions of various factors to the limited antitumor effect of VSV in this study. Several approaches could be employed to address such limitations. For example, using VSV encoding suicide genes like herpesvirus thymidine kinase (41) or cytosine deaminase (65, 66) enhanced the bystander effect and increased tumor regression compared to parental virus treatment. Penetration and spread within the tumor mass also were shown to be improved by incorporation of fusogenic proteins from Newcastle disease virus (67, 68) or simian parainfluenza virus (69) and resulted in enhanced tumor killing and prolonged survival compared to parental virus. Also, prolonged tumor exposure to virus and increased survival were reported when tumor vasculature was targeted, either by blocking arterial flow with starch microspheres (70) or reducing angiogenesis (71) . Future experiments will test whether these approaches can improve tumor reduction and prolong survival as well as allow us to assess intratumoral replication, virus spread, and direct oncolysis at earlier time points, which we were unable to address in this study.
Importantly, in this study, no humoral immune responses against tumor cells could be detected in any treatment group. This is consistent with the previous results that indicate tolerance of MUC1.Tg mice toward MUC1-expressing cells (34) . It should be noted that a lack of antibody production against the tumor does not rule out that other antitumor immune responses were generated. Virus-induced long-term antitumor responses include increase in inflammatory cytokines, dendritic cell migration to lymph nodes, NK cell activation, and antitumor cytotoxic T lymphocytes (CTLs) (72) . Specifically for VSV, increased infiltration of CTLs generated against virus and tumor epitopes, increased infiltration of B cells, interleukin-28 (IL-28) induction to promote NK cell activation, and downregulation of regulatory T cells were reported (73) (74) (75) (76) (77) (78) (79) (80) . As our study was limited only to antitumor antibody analysis (no detectable response), we cannot rule out activation of those other antitumor immune responses. However, even if such responses were generated, they were not potent enough to induce long-term antitumor effects.
Future studies will look at VSV's ability to shift the immune response toward cancer cells. VSV engineered to express a relevant tumor-associated antigen (TAA) such as MUC1 could be created. Studies with other tumor types utilized recombinant VSVs encoding TAAs like human melanoma-associated antigen (Ag) dopachrome tautomerase (73) or chicken ovalbumin (75, 81) demonstrated improved antitumor efficacy of VSV associated with the ability to generate increased numbers of TAA-specific T cells (75, 82) . Also, other VSV recombinants expressing immune systemmodulating cytokines or cancer suppressor proteins could be tested and compared to VSV-⌬M51-GFP (17) . Interestingly, the outcome of treatment may be dependent on the amount of virus used. At lower concentration, for an oncolytic VSV recombinant, antitumor effects were improved compared to higher concentrations (83) , suggesting that the increased viral presence biases the immune response against viral antigens rather than tumor cell antigens. However, recently it was shown with a VSV vaccine vector that robust replication of VSV could be required for efficient adaptive immune responses against non-VSV antigen (84) . Therefore, in our future experiments we will study dose-dependent efficacy of VSV-⌬M51-GFP against PDA tumors VSV.
Additional strategies seek to use combinational therapies to improve oncolysis. A recombinant virus expressing a sodium iodide symporter, when coupled with iodine-131 radiation therapy, resulted in an enhanced oncolytic effect in radiation-sensitive tumors (85) . Finally, OV therapy has been tested in combination with chemotherapeutics like obatoclax (86) or EM20-25 (87) (inhibitors of BCL-2) or doxorubin (intercalates DNA) (88) , with all showing enhanced oncolysis compared to VSV monotherapy. When we tested a combinational treatment of VSV-⌬M51-GFP and a commonly used PDA chemotherapeutic, gemcitabine, significant improvement was observed compared to use of VSV-⌬M51-GFP alone. In addition to its role as a chemotherapeutic, gemcitabine was shown to deplete B cells (89) . While the antibody response was similar in the VSV-⌬M51-GFP alone and VSV-⌬M51-GFP plus gemcitabine groups at the endpoint, it is possible that gemcitabine contributed to the prolonged tumor reduction in this group. It should also be noted that gemcitabine had no effect on VSV-⌬M51-GFP replication in vitro (data not shown). Future experiments will study the potential of VSV with gemcitabine (or other drugs) using additional concentrations and treatment schedules.
Overall, the immunocompetent murine system described here is a clinically relevant model of PDA to study oncolytic virotherapy against PDA tumors (MUC1 positive or null) using OVs as a monotherapy or in combination with other treatments.
